Our recent studies have demonstrated that SWCNT electrodes have strong electrocatalytic activity when modified with metal 2017 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. In the present study, we developed an electrochemical sensor for highly sensitive detection of hydroxylamine using Au-Pt alloy nanoparticles. Au-Pt alloy nanoparticles were electrochemically deposited on a working electrode made of singlewalled carbon nanotubes. The framework composition in the Au-Pt alloy nanoparticle was easily controlled by adjusting the Au 3+ :Pt 4+ composition ratio in the precursor solution. Morphological and chemical characterizations of the resulting Au-Pt alloy nanoparticles were performed using field emission scanning electron microscopy, X-ray diffraction, and energy dispersion X-ray spectroscopy. When the Au 3+ :Pt 4+ ratio in the precursor solution was 1:5, the ratio of Au:Pt atom in alloy nanoparticle was about 6:4. Au60Pt40 alloy nanoparticles were found to have the optimum synthetic ratio for hydroxylamine detection. The electrocatalytic performance of Au-Pt alloy nanoparticles in the presence of hydroxylamine was also characterized using cyclic voltammetry, differential pulse voltammetry, and chronoamperometry. In the chronoamperometric detection of hydroxylamine, the sensor exhibited a detection limit of 0.80 μM (S/N = 3) and a high sensitivity of 184 μA mM -1 cm -2 . Moreover, the amperometric response of the sensor in 1 mM hydroxylamine was stable for a long time (450 s). Long-term stability tests showed that the current responses to hydroxylamine were 96, 91 and 85% of the initial signal value after storage for 5, 10, and 20 days, respectively.
Introduction
Hydroxylamine (NH2OH), an oxygenated derivative of ammonia, is known to be a potent reducing agent and is identified as an important mediator in the nitrogen cycle and nitrous oxide formation. 1 It is commonly used as a raw material in industrial and pharmaceutical processes, where some hydroxylamine derivatives are used to make anticancer drugs. 2, 3 Furthermore, hydroxylamine is also well-known as a mutation agent, and it can be toxic to humans, animals, and plants, even at low concentrations. 4 Therefore, reliable, reproducible, and highly sensitive detection of hydroxylamine at low levels is of tremendous importance in industry, environmental testing, clinical diagnostics, and biological processing. Many methods have been developed for hydroxylamine detection, such as gas chromatography, 5 spectrometry, 6 and electrochemical detection. [7] [8] [9] [10] Compared to the other methods, the electrochemical method has various advantages such as low detection limit, fast response, low cost, and portability. [11] [12] [13] Most bare electrodes used for the electrochemical detection of hydroxylamine have a number of limitations (e.g., low selectivity and reproducibility, high overpotential, and low stability over a wide range of solution compositions).
However, using nanoparticles as redox-active materials offers significant advantages in the development of electrochemical sensors. Recently, bimetallic nanoparticles have become important for improving the catalytic properties of monometallic nanoparticles. The improvements derived from the combination of two metal elements into bimetallic nanoparticles can be attributed to synergistic effects. 14 In particular, Au-Pt alloy nanoparticles have been extensively researched because the Au-Pt bimetallic system has greater catalytic activity and enhanced functionalities than pure Pt or Au. 15 However, it is challenging to synthesize single-phase Au-Pt alloys because they are immiscible in the bulk. 16 The general method to obtain Au-Pt alloy nanoparticles involves reducing the respective metal salt precursors simultaneously with the help of reducing agents. Here, the electrochemical method was used to obtain Au-Pt bimetallic nanoparticles, which can be used in exciting technological applications such as electrocatalysts, selective oxidants, sensors, and dehydrogenation catalysts. [17] [18] [19] Traditional electrodes, such as glassy carbon, gold, and ITO are commonly used, but they are difficult to fabricate, limited in sensor design, and expensive to manufacture. In contrast, single-walled carbon nanotubes (SWCNT) are becoming popular electrode materials due to their unique properties, including their large electrode surface area, fast electron transfer rate, good mechanical strength, and chemical stability. Therefore, SWCNTs have been used as electrode materials in applications of electronics, catalysis, and sensing. nanoparticles such as gold, 22 silver, 23 platinum, 24 and palladium. 25 The remarkable properties of the Au-Pt alloy nanoparticles and SWCNT electrodes motivated us to design alloy nanoparticlemodified SWCNT sensors for the electrochemical detection of hydroxylamine.
In this work, Au-Pt alloy nanoparticles were deposited electrochemically on a SWCNT electrode and were used to detect hydroxylamine by cyclic voltammetry, differential pulse voltammetry, and amperometry. Electrochemical characterization showed that the Au-Pt bimetallic system had greater electrocatalytic activity toward hydroxylamine compared to monometallic Pt or Au nanoparticles. Moreover, the developed hydroxylamine sensor exhibited high sensitivity, good stability, and rapid response.
Experimental

Materials
An SWCNT solution (0.3 mg/mL) was obtained from Top Nanosys Co. (Sung Nam, South Korea). Gold(III) chloride trihydrate (99.99%), chloroplatinic acid hexahydrate (37.50%), hydroxylamine solution (99.99%), sulfuric acid (95 -98%), and phosphate buffer components were purchased from SigmaAldrich (St. Louis, MO). Photoresist (AZ4620) was obtained from Clariant Corporation (Somerville, NJ, USA). Tetrahydrofuran (THF) and ethanol were purchased from Samchun Pure Chemical Co. (Seoul, South Korea). All other chemicals were of analytical grade and aqueous solutions were prepared with deionized (DI) water. Morphologies of Au-Pt alloy nanoparticles were investigated by using field emission scanning electron microscopy (FE-SEM, Hitachi Co., Ltd., S-4800, Japan) at an accelerating voltage of 15 kV. X-ray diffraction (XRD) was carried out using a D/MAX-2500/PC instrument (Rigaku Corp., Japan) with Cu Kα radiation λ = 0.15406 nm at a scanning rate of 2 /min.
Preparation of SWCNT electrode
Homogeneous and flexible SWCNT films were fabricated by using the vacuum filtration method. First, sonication of the SWCNT solution was performed for 1 h followed by 10 min of centrifugation at 12000 rpm. Next, the pre-suspended solution was diluted by a factor of 100 using DI water, and it was then filtered through an anodic aluminum oxide membrane with a 0.2 μm pore size. The alumina membrane under the SWCNT thin layer was easily removed in a 3 M NaOH solution. After adjusting the solution to neutral pH by using DI water, the SWCNT thin layer was directly transferred to a flexible, transparent PET film.
Fabrication of Au-Pt alloy nanoparticles on SWCNT electrodes
The procedure for fabrication of Au-Pt alloy nanoparticles on SWCNT electrodes was performed as described in our previous publication with some modifications (Fig. 1) . 26, 27 Briefly, a standard photolithography process was used to generate a photoresist polymer template (AZ4620) on the SWCNT electrode. Au-Pt alloy nanoparticles were electrochemically deposited on the pre-patterned SWCNT electrode using 1 mM HAuCl4 and 5 mM H2PtCl6 as precursors. Cyclic voltammetry was used for repeated potential scanning from -1 to 0.6 V, and chronocoulommetry was conducted at a potential of -0.5 V (vs. Ag/AgCl). A clean platinum wire and Ag/AgCl (saturated in 3 M NaCl) were used as the counter and reference electrode, respectively. The resulting SWCNT electrodes were then immersed in the THF solution to completely remove the photoresist polymer from the SWCNT electrodes. After removing the photoresist polymer, each area deposited with Au-Pt alloy nanoparticles was cut and used as electrode platforms to detect hydroxylamine. The area of each working electrode was 0.07 cm 2 .
Electrocatalytic characteristics and detection of hydroxylamine
Electrochemical measurements were performed with a CHI660C electrochemical analyzer (CH Instruments Inc., USA). A three-electrode configuration was employed, in which the Au-Pt alloy nanoparticle-modified SWCNT working electrode was placed into a solution with a clean platinum wire counter electrode and an Ag/AgCl (saturated in 3 M NaCl) reference electrode. A 0.1 M phosphate-buffered saline (PBS, pH 7.4) solution was used to support the electrolytes in all measurements. Each cyclic voltammetry was in a known concentration of hydroxylamine solution with a scan rate of 20 mV s -1 . In differential pulse voltammetry, the following optimized parameters were used: Einitial, -0.3 V; Efinal, +0.4 V; step, 0.004 V; amplitude, 0.05 V; pulse width, 0.2 s; pulse period, 0.5 s. Amperometric measurements of hydroxylamine were performed at the desired potential of 0.2 V for electro-oxidation.
Results and Discussion
Characterization of Au-Pt alloy nanoparticles on SWCNT electrodes Homogeneous SWCNT films were prepared on flexible, transparent PET substrates with a thickness of ~100 nm, and their average resistivity and transparency were 350 Ω sq -1 and 80%, respectively. The SWCNT films exhibited high flexibility with negligible change in resistivity upon comparatively large bending deformation. These good properties of the SWCNT film ensure that it can be used as a conductive substrate for electrodeposition of nanoparticles and can provide a rapid electron transfer path in electrochemical processes. 23, 28 Moreover, well-defined photoresist polymer patterns on the SWCNT film made using the photolithography method provide excellent conditions for the electrochemical deposition of nanoparticles on the SWCNT surface due to the high electric field strength induced by the features of the pattern. Figure 2A shows the FE-SEM image of the as-prepared Au-Pt alloy nanoparticles on the SWCNT electrode after the electrochemical deposition process.
The Au-Pt alloy nanoparticles were highly crystalline and homogenously distributed, and the diameters of the alloy nanoparticles were in the range of 100 -300 nm. The formation of the Au-Pt alloy nanoparticles on the SWCNT films was mainly controlled by the growth of nuclei. [30] [31] [32] The Au 3+ ions are first reduced on the SWCNT film, and the newly formed Au nuclei work as a catalyst by promoting the reduction of PtCl6 2-ions on the Au nuclei.
The electrochemical deposition of Au-Pt alloy nanoparticles on the SWCNT film was affected by both diffusion shield effects and kinetic control. The morphology of the nanoparticles on the SWCNT film may affect the electrochemical properties of the electrodes.
The XRD pattern of the Au-Pt alloy nanoparticles is significant in that the alloy nanoparticles have a face-centered cubic (fcc) crystal structure (Fig. 2B) . Five peaks derived from deposited samples were clearly observed at 39.4 , 45.9 , 66.9 , 80.5 , and 84.8 , which correspond to the orientations along (111), (200), (220), (311), and (222) directions of the fcc crystal structure, respectively. Compared with Au alone, the (111) peaks obviously shifted to a higher 2θ angle. These peaks for Au-Pt alloy nanoparticles were observed between the peaks of pure Au and pure Pt as a single peak, revealing single-phase alloy fcc-type nanostructures rather than a mixture of monometals or a core-shell structure.
33,34
Optimization of Au/Pt synthetic ratio for hydroxylamine detection
The synergistic catalysis of bimetallic alloy nanoparticles depends on the nanoscale size, composition, and surface properties. 35 To investigate the effect of the composition of the alloy nanoparticle on electrochemical hydroxylamine oxidation, cyclic voltammetry measurements were performed in 1 mM hydroxylamine (Fig. 3) . Alloy nanoparticles with different compositional ratios were fabricated by changing the Au 3+ :Pt 4+ ratio in the precursor solutions. Increasing the Pt content in the Au-Pt alloy nanoparticles led to an increase in peak current because plenty of active Pt atoms were present. The enhancement in electrocatalytic activity has been attributed to the synergistic effect of the surface electronic states on the effective atomic coordination number. 14 In particular, it has been found that Pt in Au-Pt alloy nanoparticles plays an important role in enhancing catalytic activity.
When the Au 3+ :Pt 4+ ratio in the precursor solution was 1:5, the ratio of Au:Pt atom in the alloy nanoparticle was about 6:4. This was confirmed by energy dispersion X-ray spectroscopy (EDX) elemental mapping of Au-Pt alloy nanoparticles on the SWCNT electrode (Fig. 4) . In the fabricated Au-Pt alloy nanoparticles, both Au and Pt atoms were distributed homogeneously throughout the structure.
The elemental composition analyses showed that the atomic percentages of Au and Pt were 60 atomic% and 40 atomic%, respectively. Theoretically, an Au:Pt atom ratio of 5:5 was predicted to be the most active bimetallic composition. 36 However, in this study, the signal current of the Au50Pt50 alloy nanoparticle showed a larger decrease after two weeks than that of the Au60Pt40 alloy nanoparticle. Therefore, the Au60Pt40 alloy nanoparticle was found to be the optimum synthetic ratio for hydroxylamine detection.
Electrochemical behavior of hydroxylamine by Au-Pt alloy nanoparticles
To show the enhancement in electrocatalytic activity caused by the Au-Pt alloy nanoparticles, hydroxylamine oxidation by cyclic voltammetry was investigated on different electrode surfaces. Figure 5A shows the cyclic voltammetry responses for the electrochemical oxidation of 1 mM hydroxylamine on four different electrodes made of: pristine SWCNTs (curve a), Au nanoparticle-SWCNTs (curve b), Pt nanoparticle-SWCNTs (curve c), and Au-Pt alloy nanoparticle-SWCNTs (curve d). No redox peaks were observed for the pristine SWCNT electrode over a wide range of potentials. However, the Au-Pt alloy nanoparticle-SWCNT electrode exhibited the highest anodic peak compared to those observed for the Pt nanoparticle-SWCNT and Au nanoparticle-SWCNT electrodes. This large peak current during the oxidation of hydroxylamine was attributed to the synergic effect of the Au and Pt bimetallic nanoparticles. 14 As shown in the EDX elemental mappings, nanoscale Pt, which plays an important role in the oxidation of hydroxylamine, was distributed in the alloy particle, resulting in a larger active surface area than pure Pt particles. Hydroxylamine oxidation peaks on the Au-Pt alloy nanoparticle-SWCNT electrode occurred around 0.3 V, which was similar to the value observed for the Pt nanoparticle-SWCNT electrode. The anodic peak of hydroxylamine is broad, which suggests a mechanistically complex oxidation process that includes: absorption of hydroxylamine on the Au-Pt alloy nanoparticles, formation of an intermediate hydroxylamine layer, and oxidation of intermediate compounds through the 2e -oxidation pathway.
37,38 
Cyclic voltammetry, differential pulse voltammetry, and chronoamperometry for the detection of hydroxylamine on Au-Pt alloy nanoparticle-SWCNT sensors
The electrochemical detection of hydroxylamine by Au-Pt alloy nanoparticle-SWCNT sensors was performed in different concentrations of hydroxylamine in 0.1 M PBS (pH 7.4) by the cyclic voltammetry technique (Fig. 5B) . A possible electrooxidation mechanism for hydroxylamine is expressed in the following reaction:
The current response had a linear correlation with the hydroxylamine concentration. The current changed linearly with concentration for concentrations ranging from 100 μM to 2 mM. The sensitivity and detection limit were determined to be 56 μA mM -1 cm -2 and 46 μM, respectively. To obtain better performance in the detection of hydroxylamine, we also employed a differential pulse voltammetry technique. Pulse voltammetric techniques have been widely used due to their advantageous characteristics, which include low detection limit, minimization of capacitive current, reduction of background currents, and ability to sample the current immediately before the potential is changed. Figure 6A shows the differential pulse voltammetric responses of different hydroxylamine concentrations in 0.1 M PBS (pH 7.4). A welldefined oxidation peak at ~200 mV was observed for each hydroxylamine concentration on the Au-Pt alloy nanoparticle-SWCNT sensor. Figure 6B shows a good linear relationship between the current response and hydroxylamine concentrations ranging from 0.5 to 2.5 mM. The linear regression equation (n = 5) was ipa = 2.654c + 0.745 (ipa: μA, c: mM) with a correlation coefficient of R 2 = 0.990, and the detection limit was determined to be as low as 15 μM (S/N = 3). The Au-Pt alloy nanoparticle-SWCNT sensor showed higher sensitivity (72 μA mM -1 cm -2 ) in the linear range than that that observed using the cyclic voltammetry technique.
Chronoamperometry was also used to study the electrochemical behavior of various hydroxylamine concentrations using Au-Pt alloy nanoparticle-SWCNT sensors.
The amperometric responses for hydroxylamine electro-oxidation and calibration plots are shown in Fig. 7 . To obtain a steady-state response, a working potential of 0.2 V (vs. Ag/AgCl) was applied with each addition of hydroxylamine into a stirred supporting electrolyte solution. As depicted in Fig. 7A , rapid and stable current responses were observed within 3 s of changing the hydroxylamine concentration. This behavior was attributed to the good electrocatalytic properties of the Au-Pt alloy nanoparticles. A clear increase in the oxidation current upon the successive addition of hydroxylamine was also observed. The resulting calibration curve for hydroxylamine on the Au-Pt alloy nanoparticles-SWCNT sensor displayed good linearity for concentrations ranging from 10 to 150 μM with a correlation coefficient of R 2 = 0.996 (Fig. 7B) . The detection limit, which was three times the standard deviation of the blank signal/slope, was 0.80 μM, and the evaluated sensitivity was 184 μA mM -1 cm -2 . 
Stability and reproducibility
The stability of the fabricated hydroxylamine sensor was examined by monitoring its current response after successive cycling (for 200 cycles) in the potential range of -0.2 to +0.8 V in a 0.1 M PBS buffer (pH 7.4) including 1 mM hydroxylamine. The oxidation peak current of hydroxylamine retained 90% of its initial value, which indicates that hydroxylamine and its oxidation products had an insignificant fouling effect on the Au-Pt alloy nanoparticle-SWCNT electrodes. Moreover, the amperometric response of the sensor in 1 mM hydroxylamine was stable for a long time (450 s). The reproducibility of our fabricated sensor was also investigated by performing measurements with five different sensors in the same 1 mM hydroxylamine solution. The relative standard deviation (RSD) for detecting hydroxylamine was 1.1%, indicating that the sensors can be reliably reproduced. The long-term stability of the Au-Pt alloy nanoparticle-SWCNT sensors was evaluated by taking measurements over a 20-day period. The current responses to 1 mM hydroxylamine were 96, 91 and 85% of the initial signal value after storage for 5, 10, and 20 days, respectively.
Conclusions
A highly sensitive, stable, and rapid-response electrochemical sensor was developed to detect hydroxylamine by electrochemically co-depositing Au and Pt bimetallic ions on SWCNT electrodes. The sensor fabrication process was simple, and the Au-Pt alloy nanoparticle-SWCNT sensor showed excellent electrocatalytic performance toward the oxidation of hydroxylamine in 0.1 M PBS (PH 7.4) due to the synergistic effect of the Au-Pt alloy nanostructure. The developed sensor showed a good linear range of hydroxylamine detection ranging from 10 to 150 μM (R 2 = 0.996) with a detection limit of 0.80 μM. Moreover, the fabricated hydroxylamine sensor exhibited good stability and reproducibility for hydroxylamine oxidation. We expect that patterning alloy nanoparticles onto the SWCNT electrode using this technique can be used to create promising electroanalytical platforms for biochemical sensing in various fields and may also be extended to other alloy nanoparticles.
